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BACKGROUND: Findings on the associations between prenatal PFAS exposures and offspring adiposity are inconsistent. Whether such associations
may extend to adolescence is especially understudied.
OBJECTIVES:We investigated associations of prenatal PFAS exposures with offspring adiposity and body composition at 16–20 years of age.

METHODS: We studied 545 mother–child pairs in the prospective prebirth cohort Project Viva (Boston, Massachusetts). We measured six PFAS
(PFOA, PFOS, PFNA, PFHxS, EtFOSAA, and MeFOSAA) in maternal early pregnancy (median age= 9:6 wk, range: 5.7–19.6 wk) plasma samples.
At the late adolescence visit (median age= 17:4 y, range: 15.9–20.0 y), we obtained anthropometric measures and assessed body composition using
bioelectrical impedance analysis and dual-energy X-ray absorptiometry. We examined associations of individual PFAS with obesity [i.e., age- and
sex-specific body mass index (BMI) ≥95th percentile] and adiposity and body composition using multivariable Poisson and linear regression models,
respectively. We assessed PFAS mixture effects using Bayesian kernel machine regression (BKMR) and quantile g-computation. We used fractional-
polynomial models to assess BMI trajectories (at 3–20 years of age) by prenatal PFAS levels.

RESULTS: Thirteen percent (n=73) of the children had obesity in late adolescence. After multivariable adjustment, higher prenatal PFAS concentra-
tions were associated with higher obesity risk [e.g., 1.59 (95% CI: 1.19, 2.12), 1.24 (95% CI: 0.98, 1.57), and 1.49 (95% CI: 1.11, 1.99) times the obe-
sity risk per doubling of PFOS, PFOA, and PFNA, respectively]. BKMR showed an interaction between PFOA and PFOS, where the positive
association between PFOS and obesity was stronger when PFOA levels were lower. Each quartile increment of the PFAS mixture was associated
with 1.52 (95% CI: 1.03, 2.25) times the obesity risk and 0.52 (95% CI: −0:02, 1.06) kg=m2 higher BMI. Children with higher prenatal PFOS,
EtFOSAA, and MeFOSAA concentrations had higher rates of BMI increase starting from 9–11 years of age.
DISCUSSION: Prenatal PFAS exposures may have obesogenic effects into late adolescence. https://doi.org/10.1289/EHP12597

Introduction
Per- and polyfluoroalkyl substances (PFAS) are synthetic chemi-
cals that are persistent in the environment and resistant to biodegra-
dation.1 Long-chain PFAS, such as perfluorooctanoate (PFOA),
perfluorooctane sulfonate (PFOS), perfluorononanoate (PFNA),
and perfluorohexane sulfonate (PFHxS), can be detected in over
95% of the U.S. population owing to widespread exposure
and long biological half-lives in the human body.2 PFAS are
endocrine-disrupting chemicals that can alter hormones and other
signaling molecules of the endocrine system,3 and studies have
shown their potential obesogenic effects in adults.4 PFASmay also
be an early life risk factor for childhood and adolescent obesity, the
prevalence of which has nearly quadrupled in the past four decades
in the United States and reached an all-time high of 19.7% in 2017–
2020.5,6 Maternal PFAS can cross the placenta during pregnancy
and lead to continuous fetal exposures,7 and these exposures can
affect the metabolism, growth, and development of fetuses and
may predispose individuals to long-term metabolic health.3,8,9

However, the extent to which prenatal PFAS exposures may influ-
ence offspring adiposity is unclear.

Previous studies investigating the associations between prena-
tal PFAS exposures and offspring adiposity have reported mixed
results, with possible adverse, null, and even protective effects.10–28

Limitations of some studies included relying solely on anthropomet-
ric measures [e.g., body mass index (BMI), skinfold thickness, and
waist circumference] without directly assessing body composition,
having limited follow-up periods with measures collected only in
childhood (i.e., before 12 years of age), or analyzingPFAS individu-
ally without accounting for the mixture effect. To our knowledge,
no study has examined the associations of prenatal exposure to
PFASmixtures with both adiposity and body compositionmeasures
in late adolescence (i.e., 16- to 20-y olds). The National Academies
of Sciences, Engineering, and Medicine recently concluded there is
“inadequate or insufficient evidence” on the effects of PFAS on
childhood and adolescent adiposity and suggested this as “an area
worthy of future study.”29 In addition, many previous studies
observed sex-specific effects of prenatal PFAS on offspring
adiposity.11,13–15,23,24 Male and female children differ biologically
in body composition (e.g., leanmass vs. fat mass), especially when
going through puberty.30–32 Assessing body composition in late
adolescence, when most individuals have completed puberty, may
help improve our understanding of the sex-specific, intergenera-
tional effects of PFAS.

To address these gaps, we used data from a prebirth cohort
from eastern Massachusetts to examine the prospective associa-
tions of prenatal PFAS exposures with adiposity and body com-
position at 16–20 years of age. We used Bayesian kernel machine
regression (BKMR) and quantile g-computation to investigate
PFAS mixture effects. We hypothesized that a) prenatal PFAS
exposures, both individually and as mixtures, were associated
with higher adiposity measures in late adolescence; and b) the
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associations differed by child sex and types of adiposity and body
composition measures. In a post hoc analysis, we also examined
how prenatal PFAS exposures may affect BMI trajectories from
early childhood to late adolescence.

Methods

Study Design and Population
Participants were from Project Viva, a prospective prebirth cohort.
The detailed methods for recruitment and follow-up have been pro-
vided previously in the cohort profile.15 From April 1999 to July
2002, we enrolled pregnant women seen for prenatal care at eight
eastern Massachusetts urban and suburban practices of Atrius
Harvard Vanguard Medical Associates. Women were excluded from
enrollment if they had multiple gestations or gestational age≥22 wk
at enrollment, were unable to answer questions in English, or planned
tomove away from the study area prior to delivery.

Of the 2,128 mother–child pairs in Project Viva, 555 pairs had
data on maternal early pregnancy PFAS and child obesity at the
late adolescence visit. After excluding 7 children whose older sib-
lings were also in this study and 3 with missing covariates, 545
pairs were included in the main analysis (Figure S1; age at the late
adolescence visit: median= 17:4 y; range: 15.9–20.0 y). In a post
hoc analysis of BMI trajectories, we included 1,156 children who
had data on prenatal PFAS and BMI measures from at least one
follow-up visit since early childhood [n=993 for early childhood
(age range: 2.9–6.1 y), 876 formid-childhood (age range: 6.6–10.9 y),
829 for early adolescence (age range: 11.9–16.6 y), and 558 for late
adolescence (age range: 15.4–20.0 y)].

Institutional review boards of participating institutions approved
the study protocols. At enrollment, we obtained written informed
consent from pregnant women. At each follow-up visit, we
obtained written informed consent from mothers and either assent
(if <18 y old) or signed consent (if ≥18 y old) from their partici-
pating child.

Exposures: Prenatal PFAS
We collected maternal plasma samples at study enrollment
(median= 9:6 wk gestation; range: 5.7–19.6 wk gestation) and
stored them in PFAS-free cryovial tubes in liquid nitrogen
freezers. We sent aliquots to the Division of Laboratory
Sciences at the Centers for Disease Control and Prevention
(CDC) for analysis. Detailed analytic methods have been previ-
ously described.33 This analysis included six PFAS that were
detected in >60% of samples: a) PFOA, b) PFOS, c) PFNA, d)
PFHxS, e) 2-(N-ethyl-perfluorooctane sulfonamido) acetate
(EtFOSAA), and f) 2-(N-methyl-perfluorooctane sulfonamido)
acetate (MeFOSAA). Perfluorooctane sulfonamide (PFOSA;
10% detected) and perfluorodecanoate (PFDA; 45% detected)

were excluded owing to their low detection frequencies. We
imputed values below the limit of detection (LOD) as the LOD
divided by the square root of 2. Table 1 shows the raw distribu-
tion, the LOD, and the number of samples below the LOD for
each included PFAS.

Outcomes: Adiposity and Body Composition Measures in
Late Adolescence
During the late adolescence visit (conducted between July 2017 and
September 2021), trained research assistants collected adiposity and
body composition measures. We measured weight and bioimpe-
dance using a Tanita Scale (TBF-300A; Tanita), height using a sta-
diometer (Shorr Height Board; Shorr Productions), waist and hip
circumferences using a Gulick II measuring tape (Performance
Health), and subscapular and triceps skinfold thicknesses using the
Holtain Caliper (Holtain). We also conducted 3-min open-air
whole-body dual-energy X-ray absorptiometry (DXA) scans in a
subset of participants using Hologic model Discovery A (Hologic).
Participants who could not attend in-person visits at our study
site, met exclusion criteria (e.g., exceeding 450 lb (204:1 kg), being
pregnant, or having specific contraindications), or refused the DXA
scan did not receive a DXA scan. Of the 545 children included in
our analysis, 439 receivedDXA scans (Figure S1). Bioelectrical im-
pedance analysis (BIA) and DXA both provided data on percentage
fat, fat mass, and leanmass, and DXA additionally provided data on
trunk fat mass. Methods for obtaining consistent and accurate meas-
ures have been previously published.34

We calculated BMI as weight (in kilograms) divided by height
(in meters) squared, calculated age- and sex-specific BMI percen-
tiles and z-scores using theCDCGrowthCharts,35 and defined obe-
sity as BMI≥95th percentile (reference: BMI<95th percentile).
We calculated BIA and DXA fat and lean mass indices as fat mass
(in kilograms) and lean mass (in kilograms) divided by height (in
meters) squared, and DXA trunk fat mass index as trunk fat mass
(in kilograms) divided by height (in meters) squared. We derived
the ratio of waist-to-hip circumferences, the sum of subscapular
and triceps skinfold thicknesses, and the ratio of subscapular-to-
triceps skinfold thicknesses, consistent with our prior work and
other studies of child adiposity.36–38

We classified measures into four domains: a) obesity; b) overall
adiposity, including BMI, BMI z-score, sum of subscapular and
triceps skinfold thicknesses, percentage fat, and fat mass indices;
c) central adiposity, including waist circumference, waist-to-hip cir-
cumference ratio, subscapular-to-triceps skinfold thickness ratio, and
trunk fatmass index; and d) leanmass, including leanmass indices.

Covariates
On interviews and questionnaires at enrollment, mothers self-
reported their date of birth (which we used to derive age), race and

Table 1. Distributions of prenatal PFAS levels, LOD for each PFAS, and number (%) of samples below LOD for Project Viva participants included in this
analysis (n=545).

PFAS (ng/mL) Minimum

Percentile

Maximum LOD (ng/mL) Samples <LOD [n (%)]25th 50th 75th

PFOS 5.30 18.00 24.70 33.80 134.00 0.20 0 (0.0)
PFOA 0.80 3.90 5.40 7.60 49.30 0.10 0 (0.0)
PFHxS 0.07 1.50 2.30 3.60 43.20 0.10 6 (1.1)
PFNA 0.07 0.50 0.70 0.90 3.40 0.10 7 (1.3)
EtFOSAA 0.07 0.70 1.10 1.80 19.40 0.10 3 (0.6)
MeFOSAA 0.10 1.20 1.90 2.90 29.70 0.10 0 (0.0)

Note: Samples were collected between April 1999 and July 2002. We imputed PFAS concentrations below the LOD with the LOD divided by the square root of 2. Distributions of
PFAS levels in this table are after imputation and before log2-transformation. Distributions of PFAS levels after log2-transformation are provided in Table S2. Histograms that show
the distributions of these PFAS before and after log2-transformation are provided in Figure S2. EtFOSAA, 2-(N-ethyl-perfluorooctane sulfonamido) acetate; LOD, limit of detection;
MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetate; PFAS, per- and polyfluoroalkyl substances; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate; PFOA,
perfluorooctanoate; PFOS, perfluorooctane sulfonate.
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ethnicity, prepregnancy weight and height, educational level, mari-
tal status, household income, pregnancy smoking status, and parity.
We calculated maternal prepregnancy BMI as self-reported weight
(in kilograms) divided by measured height (in meters) squared and
classified BMI as normal or underweight (<25 kg=m2), overweight
(25 to <30 kg=m2), and obesity (≥30 kg=m2).

We derived the Dietary Approaches to Stop Hypertension
(DASH) diet scores39 based on self-reported dietary intake from
the food frequency questionnaire administered at enrollment.40
We measured maternal albumin levels using plasma samples col-
lected at enrollment (i.e., the same early pregnancy samples used
to measure prenatal PFAS levels). We defined urbanicity as the
proportion of urban land use within a 1-km radius of the mother’s
residential address during pregnancy, using nationwide data from
the Multi-Resolution Land Characteristics Consortium 2001
National Land Cover Dataset.41 We calculated the proportion of
urban land use based on methods developed by Yanosky et al.42
and derived urbanicity scores.

Statistical Analyses
We separately examined the distributions and Spearman correlation
coefficients of both prenatal PFAS concentrations and late adoles-
cence adiposity and body composition measures. We compared
maternal and child characteristics by child obesity status (yes vs. no)
at the late adolescence visit, as well as PFAS levels by select mater-
nal and child characteristics. We used linear regression and Poisson
regression models with robust variance estimates43 to examine asso-
ciations of prenatal PFAS with continuous adiposity measures and
obesity risk, respectively. Given that PFAS levels were heavily
right-skewed (Figure S2, upper panels), following the recommenda-
tions by Choi et al.,44 we explored analytic models, including linear,
log2-transformed, and quadratic forms, and compared their Akaike
information criterion (AIC) (Table S1). Based on theAIC results and
to improve model interpretability (i.e., changes in the outcomes per
doubling of PFAS levels), we log2-transformed the PFAS concentra-
tions (Figure S2, lower panels) for subsequent analyses. The distri-
butions of each log2-transformedPFAScan be found inTable S2.

We used BKMR45,46 and quantile g-computation47 to examine
the mixture effects of PFAS on selected late adolescence adiposity
(i.e., BMI and obesity risk) and body composition measures (i.e.,
DXAmeasures).We chose to use bothmethods based on their statis-
tical capabilities and interpretations. BKMR allows for the estima-
tion of complex exposure–response relationships and interactions
between exposures,45 whereas quantile g-computation estimates the
parameters of a joint, marginal structural model that quantifies the
average effects of simultaneously changing all exposures.47

Specifically, we used BKMR to estimate45,46: a) associations
of each PFAS with the outcomes, while holding all other five
PFAS at their 50th percentile; b) associations of pairs of PFAS
with the outcomes, while holding all other four PFAS at their 50th
percentile; and c) overall effects of PFAS mixtures on the out-
comes, by estimating the differences in the outcomes when all six
PFAS levels simultaneously change from the 10th to 90th percen-
tile (in 10-percentile point increments) in comparison with when
all six PFAS are held at their 50th percentile. We used probit
BKMR for the binary outcome of obesity risk.We fitted four paral-
lel Markov chain Monte Carlo (MCMC) chains using the
“kmbayes_parallel” function in the R package “bkmrhat” (version
1.1.3).48 Each chain comprised 25,000 iterations, including 12,500
burn-in iterations, and we enabled component-wise variable selec-
tion. We investigated model convergence by inspecting the trace
plots, autocorrelation plots, density plots, and the Gelman–Rubin
convergence statistics. All estimated parameters exhibited good
convergence across theMCMC chains. We estimated the posterior
inclusion probabilities (PIPs) to assess the relative importance of

individual PFAS exposures in the overall mixture effects.49

Although no well-defined PIP threshold exists, prior research often
considers a PIP≥0:5 as indicative of importance.50,51

We used quantile g-computation to assess the impact of
increasing all six PFAS levels by one quartile on the outcomes.47

This method produces a fixed positive or negative weight for each
exposure based on the direction of the independent effect. Positive
and negative weights, respectively, add up to 1, representing the
proportion of the overall effect and the relative importance of each
mixture component within each direction. In figures showing posi-
tive and negativeweights, the shading of bars represents the overall
effect size within each direction, with darker shades indicating a
larger effect compared with lighter shades. We used linear models
for the continuous outcomes and logistic models for the binary out-
come of obesity risk in the quantile g-computation analyses.

We defined confounders as covariates associated with the
exposures and the outcomes but not on the potential pathway based
on a priori knowledge.We included the following covariates in the
regression models and mixture analyses: maternal age at enroll-
ment (continuous), self-reported race and ethnicity [non-Hispanic
white; non-Hispanic black; others (including Hispanic or Latina/o,
Asian or Pacific Islander, American Indian or Alaskan Native,
other race, do not know, or more than one race), which were
grouped together owing to their small sample sizes], prepregnancy
BMI (normal or underweight; overweight; obesity), educational
level (college graduate: yes; no), marital status (married or cohabit-
ing: yes; no), parity (nulliparous: yes; no), and pregnancy smoking
status (never smoker; former smoker; smoked during pregnancy).
Figure S3 provides the directed acyclic graph (DAG) that outlines
the hypothesized relationships between the covariates in this analy-
sis. We included maternal education level and marital status as
indicators for socioeconomic status (SES), given that previous
studies have consistently linked SES with PFAS exposures52,53

and parental SES with childhood adiposity54,55; we did not include
household income in the analysis owing tomissingness of this vari-
able (n=43; Table 2). We considered maternal race and ethnicity
as a potential confounder owing to structural and social factors
leading to differences in maternal PFAS exposure levels and child-
hood and adolescence obesity prevalence among different racial
and ethnic groups.56–58 We conducted stratified analyses to exam-
ine effect modification by child sex (male vs. female). We included
product terms (i.e., log2-PFAS× child sex) in the multivariable-
adjusted regression models to derive p-values for interaction and
considered a two-sided p<0:10 as potential effectmodification.

We observed an association between prenatal PFAS exposures
and late adolescence BMI. In our previous study, however,
prenatal PFAS exposures were associated with mid-childhood
(median= 7:7 y) BMI in female children, but not with early
childhood (median= 3:2 y) BMI.15 We thus hypothesized that the
effects of prenatal PFAS onBMImay strengthen as the child grows
older and performed a post hoc analysis to model BMI trajectories.
We categorized each prenatal PFAS into higher vs. lower levels by
median split and used fractional-polynomial prediction plots to
model BMI trajectories from early childhood to late adolescence
(overall and stratified by sex) by prenatal PFAS levels.

We performed sensitivity analyses to examine the robustness
of our findings. First, we excluded maternal prepregnancy BMI
from the multivariable-adjusted models because it may be on the
pathway between prenatal PFAS and child adiposity/body compo-
sition given the years-long half-life of long-chain PFAS in blood.59

Second, albumin serves as a biomarker for pregnancy plasma vol-
ume expansion60 and is the primary binding site for plasma
PFAS.61,62 Considering that pregnancy plasma volume may con-
found the associations between maternal PFAS levels and child
health outcomes,63,64 we additionally adjusted for maternal plasma
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albumin to account for the impacts of hemodynamics. Third, we
additionally adjusted for maternal early pregnancy DASH diet
score to examine the potential impact of diet quality on the associa-
tions. The DASH diet promotes the consumption of fruits, vegeta-
bles, whole grains, and low-fat dairy, while reducing the intake of

foods high in saturated fats, cholesterol, and sodium, and limiting
sugar-sweetened beverages and sweets.65 Previous research has
shown that the DASH diet is associated with lower PFAS concen-
trations in adults,66 and better maternal adherence to the DASH
diet during pregnancy is associated with lower risk of overweight

Table 2. Characteristics of Project Viva mothers and children included in this analysis (n=545).

Variables, categorical and continuous
[n (%) or median (IQR)]a Overall

Children with obesity at the late adolescence visitb

No Yes

N 545 472 (87) 73 (13)
Maternal characteristics
Age at enrollment (y) 32.7 (29.7–35.9) 32.9 (29.8–36.0) 31.4 (26.4–34.6)
Race and ethnicity
Non-Hispanic white 379 (70) 348 (74) 31 (42)
Non-Hispanic black 75 (14) 58 (12) 17 (23)
Others 91 (17) 66 (14) 25 (34)
Prepregnancy BMI category
Normal or underweight (<25 kg=m2) 343 (63) 326 (69) 17 (23)
Overweight (25 to <30 kg=m2) 128 (23) 98 (21) 30 (41)
Obesity (≥30 kg=m2) 74 (14) 48 (10) 26 (36)
College graduate
No 144 (26) 106 (22) 38 (52)
Yes 401 (74) 366 (78) 35 (48)
Married or cohabiting
No 46 (8) 29 (6) 17 (23)
Yes 499 (92) 443 (94) 56 (77)
Household income >$70,000=y
No 178 (35) 144 (33) 34 (54)
Yes 324 (65) 295 (67) 29 (46)
Missing 43 33 10
Pregnancy smoking status
Never smoker 392 (72) 344 (73) 48 (66)
Former smoker 98 (18) 88 (19) 10 (14)
Smoked during pregnancy 55 (10) 40 (8) 15 (21)
Nulliparous
No 278 (51) 236 (50) 42 (58)
Yes 267 (49) 236 (50) 31 (42)
Early pregnancy albumin (g/dL) 6.0 (5.1–6.9) 6.0 (5.1–6.9) 5.8 (5.1–6.6)
Missing 20 15 5
Early pregnancy DASH diet score 24.0 (21.0–28.0) 25.0 (21.0–29.0) 22.0 (18.0–25.0)
Missing 23 16 7
Urbanicity score
Q 1 (5.31–624.8) 108 (20) 98 (21) 10 (14)
Q 2 (626.0–856.6) 108 (20) 99 (21) 9 (13)
Q 3 (859.9–998.4) 107 (20) 90 (19) 17 (24)
Q 4 (999.4–1,075.4) 106 (20) 90 (19) 16 (22)
Q 5 (1,075.8–1,111.1) 108 (20) 88 (19) 20 (28)
Missing 8 7 1
PFAS concentration (ng/mL)
PFOS 24.7 (18.0–33.8) 23.8 (17.6–32.6) 29.9 (21.7–37.2)
PFOA 5.4 (3.9–7.6) 5.3 (3.7–7.6) 5.7 (4.6–7.6)
PFHxS 2.3 (1.5–3.6) 2.3 (1.5–3.5) 2.4 (1.8–3.6)
PFNA 0.7 (0.5–0.9) 0.7 (0.5–0.9) 0.7 (0.5–1.0)
EtFOSAA 1.1 (0.7–1.8) 1.0 (0.7–1.7) 1.4 (0.8–2.2)
MeFOSAA 1.9 (1.2–2.9) 1.8 (1.2–3.0) 2.1 (1.6–2.8)
Child characteristics
Sex
Female 273 (50) 240 (51) 33 (45)
Male 272 (50) 232 (49) 40 (55)
Birth weight (g) 3,543.0 (3,203.0–3,883.0) 3,543.0 (3,203.0–3,883.0) 3,487.0 (3,203.0–3,855.0)
Gestational age (wk) 39.9 (38.9–40.6) 39.9 (38.9–40.6) 39.9 (39.0–40.7)
BMI category at the late adolescence visitb

Normal or underweight 403 (74) 403 (85) 0 (0)
Overweight 69 (13) 69 (15) 0 (0)
Obesity 73 (13) 0 (0) 73 (100)
Age at the late adolescence visit (y) 17.4 (17.2–17.9) 17.5 (17.2–17.9) 17.3 (17.2–17.8)
Note: Pregnant women were enrolled between April 1999 and July 2002, and the late adolescence visit was conducted between July 2017 and September 2021. Participants with missing
values for maternal race, ethnicity, college graduate, or pregnancy smoking status were excluded from the analyses (Figure S1). BMI, body mass index; DASH, Dietary Approaches to
Stop Hypertension; EtFOSAA, 2-(N-ethyl-perfluorooctane sulfonamido) acetate; IQR, interquartile range; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetate; PFAS, per- and
polyfluoroalkyl substances; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate; Q, quintile.
aPercentages for categorical variables may not add up to 100% owing to rounding. For categorical variables with missing values, missing values were not included in the denominators
when deriving percentages for known values.
bObesity was defined as BMI≥95th percentile for age and sex based on the Centers for Disease Control and Prevention Growth Charts. Overweight was defined as BMI≥85th and
<95th percentile. Normal or underweight was defined as BMI<85th percentile.
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and obesity in late-childhood.67 Fourth, we additionally adjusted
for urbanicity score, given that participants resided in both urban
and suburban communities and because residence location may be
a potential confounder associated with both PFAS exposures68 and
child adiposity.69,70 We categorized urbanicity scores into quin-
tiles, consistent with our previous study.71 Finally, because moth-
ers included in this analysis showed different characteristics than
those excluded, we used stabilized inverse probability weighting to
address the potential impact of selection bias on the associations.72

The covariates used to derive the predicted probability weights
included all the covariates in Table S3.We usedmultiple imputation
by chained equations (10 imputations and each with 10 iterations) to
imputemissing covariates in theweight predictionmodels.73

We used R (version 4.2.1; R Development Core Team) pack-
ages “bkmrhat” (version 1.1.3)46,48 for BKMRand “gqcomp” (ver-
sion 2.9.0)47 for quantile g-computation analyses. We created the
DAG usingDAGitty (dagitty.net).74We conducted all other analy-
ses using Stata (version 17.0; StataCorp).

Results

Descriptive Results
Table 2 provides the characteristics of the mother–child pairs
included in this analysis. Of the mothers, 70% (n=379) identified
as non-Hispanic white and 14% (n=75) as non-Hispanic black,
37% (n=202) had overweight or obesity before pregnancy, 74%
(n=401) graduated from college, and 49% (n=267) were nulli-
parous. The median [interquartile range (IQR)] age at the late ado-
lescence visit was 17.4 (17.2–17.9) y. Children with obesity (13%;

n=73), compared with those without obesity (87%; n=472), had
motherswhowere younger and had lower educational levels, house-
hold income, and early pregnancyDASHdiet scores. Thesemothers
were also less likely to be non-Hispanic white, married or cohabit-
ing, and nulliparous and more likely to have prepregnancy over-
weight or obesity, smoked during pregnancy, and lived in areaswith
higher urbanicity scores.Most prenatal PFAS (except PFNA) levels
were higher in children with obesity. PFAS levels were higher in
mothers who were younger or did not graduate from college; there
were no consistent differences in PFAS levels by other maternal and
child characteristics (Table S4). Most maternal and child character-
istics were comparable between pairs included in the main analysis
(n=545) vs. excluded (n=1,583), except that included mothers
were more likely to be college graduates and have a household
income of >$70,000=y (Table S3).

Prenatal PFAS were moderately to strongly correlated, with
correlation coefficients (q) ranging from 0.20 (PFHxS and
EtFOSAA) to 0.74 (PFOS and PFOA) (Figure 1). Late adolescence
adiposity and body composition measures showed different
degrees of correlation (Figure S4). Table S5 provides the distribu-
tions and sample size of each adiposity and body compositionmea-
sure overall and by child sex. Female adolescents had higher
percentage fat, fat mass index, and trunk fat mass index, whereas
male adolescents had higher leanmass index.

Single Pollutant Models: Individual Prenatal PFAS
Table 3 shows the associations of individual prenatal PFAS with
adiposity measures. In general, PFOS and EtFOSAA showed
stronger associations (based on effect sizes) with adiposity

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

PFOS

PFOA

PFHxS

PFNA

EtFOSAA

MeFOSAA

0.74
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0.34
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Figure 1. Spearman correlation matrix for PFAS measured in maternal plasma samples collected in early pregnancy (n=545). Color intensity is proportional
to the correlation coefficients. Samples were collected between April 1999 and July 2002. PFAS concentrations below the LOD (provided in Table 1) were
imputed using the LOD divided by the square root of 2. Note: EtFOSAA, 2-(N-ethyl-perfluorooctane sulfonamido) acetate; LOD, limit of detection;
MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetate; PFAS, per- and polyfluoroalkyl substances; PFHxS, perfluorohexane sulfonate; PFNA, per-
fluorononanoate; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate.
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measures than other PFAS. In the unadjusted models, both PFOS
and EtFOSAA were associated with multiple adiposity outcomes
across all domains (i.e., obesity, overall adiposity, central adipos-
ity, and lean mass). However, associations were attenuated after
multivariable adjustment. After adjustment, each doubling of
PFOS was associated with a 1.59 [95% confidence interval (CI):
1.19, 2.12] times the risk of obesity (Figure 2A), 0.74 (95% CI:
0.15, 1.33) kg=m2 higher BMI (Figure S5A), 0.13 (95% CI: 0.01,
0.25) higher BMI z-score, and 0.36 (95% CI: 0.05, 0.66) kg=m2

higher BIA lean mass index. EtFOSAA was not associated with
any adiposity measure after adjustment.

The other four PFAS did not show consistent associationswith ad-
ipositymeasures. For PFOA: the associations between PFOA and adi-
posity measures were all positive. PFOA was associated with higher
subscapular-to-triceps skinfold thickness ratio in the unadjusted mod-
els, but this association disappeared after multivariable adjustment.

For PFHxS: PFHxS was not associated with any adiposity measures,
and multiple effect estimates were even negative; however, it showed
positive associations with leanmassmeasures. For PFNA: PFNAwas
not associated with any adiposity measures in the adjusted models;
however, unlike the other four PFAS,most associations of PFNAwith
adiposity measures were strengthened after multivariable adjustment,
including qualitative changes in associations with BIA and DXA per-
centage fat, BIA fatmass index, andwaist circumference.After adjust-
ment, each doubling of PFNA was associated with a 1.49 (95% CI:
1.11, 1.99) times the risk of obesity (Figure 2A). For MeFOSAA:
MeFOSAA was associated with higher DXA lean mass index in the
unadjustedmodels, but not aftermultivariable adjustment.

Mixture Analyses: Overall Prenatal PFASMixtures
As the PFASmixture increased from the 10th to the 90th percentile,
obesity risk and BMImonotonically increased (Figure 3; Table S6).
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Figure 2.Multivariable-adjusted associations between individual prenatal PFAS and obesity in late adolescence estimated using (A) Poisson regression with
robust variance estimates, (B) quantile g-computation, and (C) Bayesian kernel machine regression (n=545). (A) shows the relative risks and 95% confidence
intervals of obesity per doubling of individual PFAS levels [estimates are provided in Table 3 (adjusted)]. (B) shows the weights for each PFAS that corre-
spond to the proportion of the overall effect of all PFAS on obesity in the positive or negative direction (positive and negative weights, respectively, add up to
1, representing the proportion of the overall effect and the relative importance of each mixture component within each direction; the shading of bars represents
the overall effect size within each direction, with darker shades indicating a larger effect compared with lighter shades; estimates are provided in Table S8).
(C) shows the estimates and 95% credible intervals of PFAS with obesity risk when all other PFAS are fixed at their 50th percentile (percentile values for
log2-transformed PFAS levels are provided in Table S2). Obesity was defined as BMI≥95th percentile for age and sex based on the Centers for Disease
Control and Prevention Growth Charts (reference is BMI<95th percentile). Participants were from the Project Viva prebirth cohort. Pregnant women were en-
rolled between April 1999 and July 2002, and the late adolescence visit was conducted between July 2017 and September 2021. Models were adjusted for
maternal age at enrollment, race and ethnicity, prepregnancy BMI, educational level, marital status, parity, and pregnancy smoking status. Note: BMI, body
mass index; EtFOSAA, 2-(N-ethyl-perfluorooctane sulfonamido) acetate; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetate; PFAS, per- and poly-
fluoroalkyl substances; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate.
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PFOS (PIP= 0:702) was the most important contributor to the over-
all mixture effect on obesity risk, followed by PFNA (PIP=0:537),
PFOA (PIP= 0:477), and other PFAS (PIPs= 0:273–0:310). PFOS
was also the most important contributor to the overall mixture effect
on BMI (PIP= 0:336), followed by PFOA (PIP= 0:139) and other
PFAS (all PIPs≤0:042) (Table S7). Using quantile g-computation,
for each quartile increment of the PFAS mixture, obesity risk was
1.52 (95% CI: 1.03, 2.25) times higher, and BMI was 0.52 (95% CI:
−0:02, 1.06) kg=m2 higher (Table S8).

As the PFAS mixture increased from the 10th to the 90th per-
centile, DXA percentage fat (Figure S6A), fat mass index (Figure
S6B), trunk fat mass index (Figure S6C), and lean mass index
(Figure S6D) also increased monotonically (Table S6). PFOS has
the largest PIPs for DXA percentage fat and fat mass index,
whereas PFOA had the largest PIPs for DXA trunk fat mass index
and lean mass index. However, all PIPs for the six PFAS on the
DXA outcomes were ≤0:144, indicating modest contributions to
the mixture effects (Table S7). Using quantile g-computation, for
each quartile increment of the PFAS mixture, DXA percentage fat
was 0.20 (95% CI: −0:86, 1.27) higher, fat mass index was 0.18
(95% CI: −0:26, 0.62) kg=m2 higher, trunk fat mass index was
0.10 (95% CI: −0:13, 0.33) kg=m2 higher, and lean mass index
was 0.24 (95%CI:−0:08, 0.55) kg=m2 higher (Table S8).

Mixture Analyses: Individual Prenatal PFAS
Quantile g-computation showed that PFOS and PFNA contributed
positive weights (sum of weights = 0:765) to the mixture effect on
obesity risk and the other four PFAS contributed negative weights
(sum of weights = − 0:345) (Figure 2B, Table S8). BKMR simi-
larly showed that PFOS and PFNA were associated with higher
obesity risk, whereas the other four PFAS did not seem to be inde-
pendently associatedwith obesity risk (Figure 2C).

Quantile g-computation showed that PFOS, PFHxS, and
EtFOSAA contributed positive weights (sum of weights = 1:020)
to the mixture effect on BMI and the other three PFAS contributed
negative weights (sum of weights = − 0:495) (Figure S5B, Table
S8). BKMR showed that PFOS and EtFOSAA were associated
with higher BMI, PFOA was associated with lower BMI, and the
other three PFAS did not seem to be independently associated with
BMI (Figure S5C).

Comparisons of the associations of individual prenatal PFAS
with DXA percentage fat, fat mass index, trunk fat mass index, and
lean mass index, as estimated using quantile g-computation and
BKMR, are provided in Figure S7 through Figure S10, respectively.
Consistent with the linear regression results, in quantile g-computa-
tion and BKMR, PFOS and EtFOSAA generally showed positive
associationswith all DXAoutcomes, whereas PFHxS showed nega-
tive associations withDXApercentage fat, fat mass index, and trunk
fat mass index, but a positive association with DXA lean mass
index. The associations of PFOAwithDXAmeasures showedmore
inconsistencies when comparing linear regression, BKMR, and
quantile g-computation models. For example, although the linear
regression model showed no association between PFOA and DXA
lean mass index (Table 3), both quantile g-computation and BKMR
showed negative associations (Figure S10).

Mixture Analyses: Interactions between Pairs of Prenatal
PFAS
BKMR showed a potential interaction between PFOS and PFOA
on obesity risk (Figure 4; Excel Table S1): the positive associa-
tion between PFOS and obesity was stronger when PFOA levels
were lower (Panel 2.1), and there was a negative association
between PFOA and obesity risk when PFOS levels were higher
(Panel 1.2); both associations were in a dose-dependent fashion.

A B

Figure 3. Overall effects (estimates and 95% credible intervals) of prenatal PFAS mixtures estimated by the differences in (A) probit of the probability of obe-
sity and (B) BMI (kg=m2) in late adolescence when all PFAS are in their 10th to 90th percentile (with an interval of 10 percentile) as compared with when
they are in their 50th percentile estimated using Bayesian kernel machine regression (n=545). Percentile values for log2-transformed PFAS levels are provided
in Table S2. Estimates are provided in Table S6. Obesity was defined as BMI≥95th percentile for age and sex based on the Centers for Disease Control and
Prevention Growth Charts (reference is BMI<95th percentile). Participants were from the Project Viva prebirth cohort. Pregnant women were enrolled
between April 1999 and July 2002, and the late adolescence visit was conducted between July 2017 and September 2021. Models were adjusted for maternal
age at enrollment, race/ethnicity, prepregnancy BMI, educational level, marital status, parity, and pregnancy smoking status. Note: BMI, body mass index;
PFAS, per- and polyfluoroalkyl substances.

Environmental Health Perspectives 127002-8 131(12) December 2023



When we looked at BMI as the outcome (Figure S11), the posi-
tive association between PFOS and BMI was still stronger with
lower PFOA levels (Panel 2.1), but the negative association
between PFOA and BMI was consistent across different PFOS
levels (Panel 1.2). We did not observe other interactions between
pairs of PFAS on obesity risk (Figure 4) or BMI (Figure S11 and
Excel Table S2). We also did not observe interactions between
pairs of PFAS on DXA percentage fat (Figure S12 and Excel
Table S3), fat mass index (Figure S13 and Excel Table S4), trunk
fat mass index (Figure S14 and Excel Table S5), or lean mass
index (Figure S15 and Excel Table S6).

Analyses of Prenatal PFAS with BMI Trajectories
Fractional-polynomial prediction plots showed that children’s
BMI trajectories differed by prenatal PFOS, EtFOSAA, and
MeFOSAA levels (Figure 5). BMI trajectories by prenatal PFOS
levels overlapped until children were ∼ 11 y old, after which the
trajectories began to diverge, i.e., children with higher (vs. lower)

prenatal PFOS exposures had a higher rate of BMI increase start-
ing from 11 years of age. At 20 years of age, children exposed to
higher prenatal PFOS had a significantly higher BMI. Similarly,
BMI trajectories by prenatal EtFOSAA and MeFOSAA levels
also began to diverge when children were ∼ 9–11 y old. After
then, children with higher prenatal EtFOSAA or MeFOSAA
exposures had a higher rate of BMI increase. BMI trajectories did
not differ by prenatal PFOA, PFHxS, or PFNA levels.

Sex-Stratified Analyses
Table S9 shows the associations of prenatal PFASwith adiposity and
body composition measures by child sex (male vs. female). Most
associations did not significantly differ by sex (i.e., pinteraction > 0:10),
but we observed two consistent patterns. First, EtFOSAA showed
stronger associations with adiposity and body composition meas-
ures in females. EtFOSAAwas associated with all overall adiposity
measures, waist circumference, waist-to-hip circumference ratio,
and BIA lean mass index only in females (pinteraction = 0:03–0:32).

Figure 4. Associations (estimates) between prenatal PFAS 1 concentrations (columns) and obesity risk (defined as BMI≥95th percentile for age and sex; refer-
ence is BMI<95th percentile) in late adolescence by levels (10th, 25th, 50th, 75th, and 90th percentiles) of prenatal PFAS 2 concentration (rows) when all
other PFAS are fixed at their 50th percentile estimated using Bayesian kernel machine regression (n=545). Percentile values for log2-transformed PFAS levels
are provided in Table S2. Estimates are provided in Excel Table S1. Participants were from the Project Viva prebirth cohort. Pregnant women were enrolled
between April 1999 and July 2002, and the late adolescence visit was conducted between July 2017 and September 2021. Models were adjusted for maternal
age at enrollment, race and ethnicity, prepregnancy BMI, educational level, marital status, parity, pregnancy smoking status. Note: BMI, body mass index;
EtFOSAA, 2-(N-ethyl-perfluorooctane sulfonamido) acetate; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetate; PFAS, per- and polyfluoroalkyl
substances; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate.
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Second, PFHxS was associated with higher BMI z-score and BIA
and DXA lean mass indices only in males (pinteraction = 0:02–0:08),
suggesting that the association between PFHxS and BMI z-score in
maleswas likely driven by leanmass.

We observed sex-specific BMI trajectories by prenatal PFOS,
EtFOSAA, and MeFOSAA levels (Figure S16). For PFOS, the
trajectories diverged earlier for females (at ∼ 9–10 years of age)
vs. males (at ∼ 15–16 years of age). For EtFOSAA, the trajecto-
ries diverged at ∼ 9–10 years of age for females but were largely
overlapped for males (with a slight divergence at 10–11 but
reconvergence was seen at 16–17 years of age). For MeFOSAA,
the trajectories overlapped for females but diverged for males at
∼ 13–14 years of age.

Sensitivity Analyses
After removingmaternal prepregnancy BMI from the multivariable-
adjusted models, the associations of PFOS, PFOA, and EtFOSAA
with adiposity and body composition easures were consistently
stronger (Table S10, model 2). PFOS was now additionally associ-
ated with higher BIA and DXA fat mass indices, waist circumfer-
ence, DXA trunk fat mass index, and DXA lean mass index.
Further, EtFOSAA was now additionally associated with obesity
risk, all overall adiposity measures, waist circumference, and DXA
trunk fat mass index. The associations of PFOS, PFOA, and PFNA
with adiposity and body composition measures were also generally
strengthened after further adjusting for maternal early pregnancy al-
bumin (Table S10, model 3). Results were consistent after we

additionally adjusted for early pregnancy DASH diet scores (Table
S10, model 4) or urbanicity scores (Table S10, model 5).
Associations also did not markedly change when we used stabilized
inverse probability weighting to account for potential selection bias,
except that PFHxS was now additionally associated with higher
BIA andDXA leanmass indices and that PFNAwas now associated
with higher BIA leanmass index (Table S11).

Discussion
In this study, we found that higher concentrations of select prena-
tal PFAS were associated with higher obesity risk and greater ad-
iposity during late adolescence. The prenatal PFAS mixture was
also associated with higher obesity risk, BMI, and DXA meas-
ures at 16–20 years of age in a dose-dependent fashion.

Prenatal PFAS exposures may have long-lasting obesogenic
effects on offspring. Previous research has produced inconsistent
results, with some studies finding positive associations and others
finding no associations.11–27 For example, Braun et al. found in the
Health Outcomes and Measures of the Environment (HOME)
Study (in Cincinnati, Ohio) that higher second-trimester serum
PFOA was associated with greater adiposity at 8 (n=204)14 and
12 years of age (n=212),23 whereas Andersen et al. found in the
DanishNational Birth Cohort (in Denmark) that cord blood plasma
PFOAwas not associated with BMI at 7 years of age (n=811).12 A
recent review synthesized these inconsistent findings and high-
lighted that most prior studies also had shorter follow-up periods
and assessed adiposity in childhood only (i.e., before 12 years of
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Figure 5. Fractional-polynomial prediction plots (estimates and 95% confidence intervals) showing the associations of age and BMI across childhood and ado-
lescence by maternal PFAS levels (n=1,156). “Higher” was defined as PFAS levels above the population median, and “lower” was defined as PFAS levels
below the population median. Median levels were 25:70 ng=mL for PFOS, 5:80 ng=mL for PFOA, 2:40 ng=mL for PFHxS, 0:70 ng=mL for PFNA, 1:20 ng=mL
for EtFOSAA, and 1:90 ng=mL for MeFOSAA. These levels are slightly different from the ones in Table 1 due to the different analytic sample for the main
analysis (n=545) vs. this post hoc analysis (n=1,156). Participants were from the Project Viva prebirth cohort. Pregnant women were enrolled between April
1999 and July 2002, and the late adolescence visit was conducted between July 2017 and September 2021. Note: BMI, body mass index; EtFOSAA, 2-
(N-ethyl-perfluorooctane sulfonamido) acetate; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetate; PFAS, per- and polyfluoroalkyl substances;
PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate.
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age).28 Our study thus contributes to the limited body of research
related to the long-term associations of prenatal PFAS exposures
on adiposity and body composition measures (objectively meas-
ured via BIA and DXA) 16–20 y later. Our study is also among the
first to analyze PFASmixtures. In addition to the clear associations
in single pollutant models, the mixture analyses using BKMR and
quantile g-computation provided mostly consistent findings, sup-
porting the long-term obesogenic effects of prenatal PFAS.

Potential Mechanisms
Several mechanisms may underlie the effects of prenatal PFAS
exposures on child adiposity, as described in review articles by
Braun3 and Heindel and Blumberg.75 PFAS can cross the placental
barrier during pregnancy, leading to direct in utero exposure. The ef-
ficiency of transplacental transfer for PFAS depends on their chemi-
cal structure, such as carbon chain lengths.76 Certain PFAS, such as
PFOA and PFNA, can accumulate in cord blood and the fetus owing
to the lower metabolic capacity of the fetus compared with the preg-
nant woman.7,76,77 Maternal PFAS can affect both maternal and
infant thyroid hormones, which are critical for regulating fetal and
postnatal growth.78,79 PFAS can also bind and activate peroxisome
proliferator-activated receptors (PPARs), which regulate lipid me-
tabolism, placental functions, and fetal and postnatal growth.80

Given that PPARs are involved in adipogenesis, adipocyte physiol-
ogy, and energy regulation, their binding to PFAS may alter devel-
opmental adipogenesis and adipocyte programming, leading to
long-term obesogenic effects.25 In vitro studies have shown that
PFAS promote adipocyte differentiation and up-regulate the expres-
sion of lipid-related proteins, including PPARa and PPARc.81–83

PFAS may also alter lipid metabolism, gene expressions associated
with lipidmetabolism, andDNAmethylation status, potentially con-
tributing to obesogenic effects.84–86 Further research is needed to
fully understand and establish the underlying biological pathways.

Sex-Specific Associations
Many previous studies have observed sex-specific associations of
prenatal PFAS with child adiposity.11,13–15,23,24 However, no con-
sistent patterns were observed, and all but one study used adiposity
measures at ≤12 years of age (i.e., before or during puberty).
Children undergo significant, sex-specific, and age-varying changes
in body composition during puberty, for example, males gain more
lean mass, females gainmore fat mass, and both experience changes
in fat distribution.87 These changes may reveal different program-
ming effects of PFAS on adiposity measures before vs. after
puberty. Our study, building on previous findings in Project Viva,
which investigated prenatal PFAS and early- and mid-childhood
adiposity,15 offers insights into sex-differences. For example,
although the associations between prenatal PFAS and lean mass did
not differ by sex at ∼ 7:7 years of age in our previous study,15 they
were much stronger in males at ∼ 17:7 years of age in the present
study. In the one study that measured postpubertal adiposity,11

Halldorsson et al. found that third-trimester serum PFOAwas asso-
ciated with higher BMI and waist circumference at 20 years of age
in females (but not in males) among 665 Danish young adults.
Consistent with this finding, we found that most associations
between prenatal PFOA and adiposity measures were stronger in
females. In our study, EtFOSAA also showed stronger associations
with adipositymeasures in females.

As endocrine-disrupting chemicals, PFAS can interact with
estrogen receptors and affect circulating estrogen concentrations,
potentially explaining the stronger effects of these PFAS on adi-
posity in females.23,88,89 A previous study in the Avon Longitudinal
Study of Parents and Children (ALSPAC; in Avon, UK) also found
positive associations of prenatal PFOA, PFOS, and PFHxS with

testosterone levels in females at 15 years of age (n=72), possibly
involving alterations in cholesterol metabolism through PPARa acti-
vation and changes in testosterone conversion in adipose tissue
through PPARc activation.90 In addition, studies have associated
PFAS exposures with other sex hormones (e.g., estradiol, follicle-
stimulating hormone, luteinizing hormone) and insulin-like growth
factor-1,91–94 which play crucial roles in growth and sexual matura-
tion and may contribute to sex-differences in adipose tissue develop-
ment and adiposity. We also observed stronger associations between
PFHxS and lean mass measures in males. Previous studies have sug-
gested that PFAS may inhibit androgen receptor activity and reduce
testosterone levels,93,95,96 which, if anything, should not promote lean
mass. The underlying mechanisms for these male-specific associa-
tions remain unclear andwarrants future investigations.

Potential Interactions and Overall Effects of Prenatal PFAS
We observed a potential PFOA–PFOS interaction on obesity risk.
In vitro studies have reported similar PFOA–PFOS interactions.
For example, Rodea-Palomares et al. found strong antagonistic
interactions between PFOA and PFOS in a bioluminescent cya-
nobacterial toxicity test.97 Carr et al. observed a similar PFOA–
PFOS interaction in transiently transfected COS-1 PPARa re-
porter models using a mixing ratio based on serum PFAS levels
in U.S. National Health and Nutrition Examination Survey
(NHANES) participants.98 To our knowledge, no in vivo or
human studies have investigated similar interactions. Our finding
of the PFOA–PFOS interaction should be interpreted with cau-
tion, particularly because we did not observe such interactions
for BMI and DXA measures.

We observed a potential protective effect of PFOA on obesity
when PFOS levels were higher. This aligns with findings from
ALSPAC (in Avon, UK), where Hartman et al. found that higher
second-trimester serum PFOA was associated with lower BMI,
waist circumference, and DXA trunk and total body fat at 9 years
of age in females whose mothers had higher educational status
(these mothers also had higher PFOS levels) (n=359).18
Notably, inverse associations for PFOS with these adiposity out-
comes were also observed in the same subgroup. Although
Hartman et al. did not specifically investigate PFOA and PFOS
interactions, the inverse association observed for both PFOA and
PFOS inmothers with higher educational status may be attributed
to the higher levels of other PFAS, rather than education itself, in
line with our study findings. The protective effect of PFOA on
obesity observed in our study may also result from unmeasured
confounding by social and lifestyle factors linked to higher
maternal PFOA levels and lower child adiposity. In addition, it is
also important to note the contrasting associations of PFOA with
adiposity measures in single pollutant models (i.e., linear and
Poisson regression) vs. mixture analyses (i.e., BKMR and quan-
tile g-computation). PFOA consistently showed associations
with higher adiposity measures in single pollutant models in our
study. However, PFOA was either not associated with these out-
comes (e.g., DXA percentage fat) or associated with lower meas-
ures (e.g., BMI, DXA fat mass index, DXA lean mass index) in
the BKMRmodels, or it contributed negative weights to the over-
all mixture effects (e.g., BMI, DXA lean mass index) in the quan-
tile g-computation models. The mechanisms underlying the
protective effects of prenatal PFOA and the discrepancies
betweenmodels are unclear and warrant further investigation.

We also observed linear, dose-dependent associations of PFAS
mixtures with obesity, BMI, and DXA measures (Figure 2; Figure
S6 and Table S8). In contrast, Zhang et al. recently found in 206
mother–child pairs in the LaizhouWan Birth Cohort in China that a
mixture of 10 cord blood PFAS was inversely associated with child
adiposity at 7 years of age.27 Yet, their study used the weighted
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quantile sum approach that assumed directional homogeneity and
was not able to examine the potential pairwise interactions of PFAS.
More studies are needed to understand the possible long-term obe-
sogenic effects of prenatal PFASmixtures and potential interactions
between individual PFAS.

Trajectory Analyses
Trajectory analyses demonstrated that the effects of some prena-
tal PFAS on BMI may become stronger as children grow older.
In our previous study, we found stronger effects of prenatal
PFAS on mid-childhood (median= 7:7 y) BMI than early child-
hood (median= 3:2 y) BMI.15 Our trajectory analyses, which
included BMI data collected from all Project Viva research visits
since early childhood, showed that children exposed to higher
PFOS, EtFOSAA, and MeFOSAA prenatally had higher rates of
BMI increase after puberty. In the HOME Study (n=334), Braun
et al. reported associations of second-trimester PFAS with post-
natal BMI trajectories. Different from our results, they found that
prenatal PFOS and PFHxS were consistently associated with
higher BMI in the first 12 y of life (i.e., no divergent in trajecto-
ries by PFAS levels) and that PFOA was associated with BMI
trajectories.24 The HOME Study did not include BMI measures
after 12 years of age. To our knowledge, no other studies exam-
ined how prenatal PFAS exposure is associated with BMI trajec-
tories. Because obesity in adolescence (vs. childhood) persists
more strongly into adulthood,99 findings from this trajectory anal-
ysis underscore the possible persistent impact of prenatal PFAS
exposures on adulthood obesity. Future research should investi-
gate how prenatal PFAS mixtures affect the trajectories of BMI
and other adiposity and body composition measures, as well as
the impact of postnatal PFAS on these trajectories.

Limitations and Strengths
Our study has limitations. First, residual or unmeasured confound-
ing exists in observational studies. To minimize confounding, we
carefully selected and included a comprehensive set of confounders
in the analyses, and we additionally adjusted for maternal hemody-
namics biomarker, diet quality scores, and urbanicity scores in the
sensitivity analyses. Second, a considerable number of children did
not have prenatal PFAS exposure or outcome measures in late ado-
lescence, which might have led to selection bias. Yet, most maternal
and child characteristics were similar between those included vs.
excluded, and the stabilized inverse probability weighting analysis
showed that selection bias, if any, did not substantially affect the
observed associations. Third, our study population consisted mostly
of non-Hispanic white participants, which may limit the generaliz-
ability of our findings to more diverse populations, taking into
account the documented racial and ethnic differences in PFAS expo-
sure levels and the prevalence of overweight and obesity in children
and adolescents.56–58 Fourth, we measured PFAS levels in early
pregnancy plasma samples and were thus not able to investigate the
cumulative effects of PFAS exposures during the entire gestational
period. Finally, PFAS levels were measured from plasma samples
collected between 1999 and 2002. Although our results provide
insights into the impacts of PFAS exposures at historical levels, they
might not reflect current exposure levels or health effects associated
with present-day exposures in the U.S. population for certain long-
chain PFAS, particularly PFOS and PFOA, which have decreased
since the early 2000s.100 Nevertheless, levels of PFAS such as
PFNA and PFHxS have not decreased significantly, and our study’s
PFAS levels still overlap with levels in recent NHANES cycles. For
example, themedian PFNA level in our study is 0:70 ng=mL, equiv-
alent to the 75th percentile for the overall population (both sexes
combined) in 2017–2018 NHANES; similarly, our study’s median

PFHxS is 2:30 ng=mL, which is only slightly higher than the 75th
percentile (i.e., 1:90 ng=mL) in the sameNHANES sample.101

Our study has several strengths. First, we used data from
Project Viva, one of the largest and longest-running U.S. prebirth
cohorts, to investigate the prospective, dose–response associations
of prenatal PFAS exposures with a comprehensive set of adiposity
and body compositionmeasures at 16–20 years of age. Direct body
composition measures, such as the ones from BIA and DXA,
allowed us to better understand the sex-specific effects observed in
previous studies and to parse out whether the associations were
driven by fat or leanmass. Second, all outcomemeasures were col-
lected at in-person visits using research standard procedures by
trained staff, which minimized measurement error. Third, we used
two mixture methods, BKMR and quantile g-computation, to
examine the effects of PFAS mixtures. Both methods provided
comparable results. Fourth, wewere able to use BMI data collected
at four Project Viva research visits from early childhood to late
adolescence to model BMI trajectories and examine how prenatal
PFAS exposures affect these trajectories.

Conclusions
In summary, our findings suggested long-lasting (∼ 16–20 y)
obesogenic effects of prenatal PFAS exposures and observed the
potential interactions of PFAS and the overall effects of coexpo-
sure to PFAS mixtures on obesity risk. Future studies are war-
ranted to replicate these PFAS interactions and overall effects in
larger cohorts or consortia [such as the Environmental influences
on Child Health Outcomes (ECHO) program, a consortium of 69
pediatric cohorts in the United States, many of which collected
data on early life PFAS exposures102 and adiposity70] and exam-
ine the pathways underlying these intergenerational associations.
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